Severe malaria is characterised by cerebral oedema, acute lung injury (ALI) and multiple organ dysfunctions, however, the mechanisms of lung and distal organ damage need to be better clarified. Ninety-six C57BL/6 mice were injected intraperitoneally with 5 × 10 6 Plasmodium berghei ANKA-infected erythrocytes or saline. At day 1, Plasmodium berghei infected mice presented greater number of areas with alveolar collapse, neutrophil infiltration and interstitial oedema associated with lung mechanics impairment, which was more severe at day 1 than day 5. Lung tumour necrosis factor-␣ and chemokine (C-X-C motif) ligand 1 levels were higher at day 5 compared to day 1. Lung damage occurred in parallel with distal organ injury at day 1; nevertheless, lung inflammation and the presence of malarial pigment in distal organs were more evident at day 5. In conclusion, ALI develops prior to the onset of cerebral malaria symptoms. Later during the course of infection, the established systemic inflammatory response increases distal organ damage.
Introduction
Malaria remains a major global health problem, causing approximately 2 million deaths every year, particularly in tropical areas (Mohan et al., 2008) . Several pathological events, such as parasitised erythrocytes, leucocyte adhesion to organ microvasculature, systemic production of cytokines, and cytotoxic lymphocyte activation, induce a condition of systemic activation, which leads to severe malaria. Severe malaria is characterised by increased intracranial pressure, acute lung injury (ALI)/acute respiratory distress syndrome (ARDS), and multiple organ dysfunction (Abdul Manan et al., 2006; Mohan et al., 2008; de Souza et al., 2010) .
Notably, ALI/ARDS is observed in 5% of patients with uncomplicated malaria and 20-30% of patients with severe malaria (Mohan et al., 2008) . Post-mortem examination of fatal malaria patients revealed lung oedema, congested pulmonary capillaries, thickened alveolar septa, intraalveolar haemorrhages, and hyaline membrane formation, which are characteristic of diffuse alveolar damage in ALI/ARDS (James, 1985) .
The pathogenic mechanisms that lead to ALI/ARDS during severe malaria are poorly understood, as most studies of lung injury have been performed in patients who were concurrently under treatment (Maguire et al., 2005) . The importance of ARDS during severe malaria highlights the need for studies describing the pathophysiology of this syndrome during malarial infection.
Several features of lung injury during experimental severe malaria have previously been described, such as increased expression of circulating vascular endothelial growth factor (VEGF) (Epiphanio et al., 2010) , leucocyte accumulation ( Van den Steen et al., 2010) , and diminished expression of epithelial sodium channels (Hee et al., 2011) in lung tissue.
However, the mechanisms of lung inflammation and its association with distal organ damage during experimental severe malaria require further clarification. This study sought to analyse the impact of severe malaria on lung and distal organ damage in the early and late phases of the disease.
Methods
This study was approved by the Research Ethics Committee of the Federal University of Rio de Janeiro Health Sciences Centre (CEUA-CCS-019) and the Committee on Ethical Use of Laboratory Animals of the Oswaldo Cruz Foundation (L-0004/08). All animals received humane care in compliance with the -Principles of Laboratory Animal Care formulated by the National Society for Medical Research and the Guide for the Care and Use of Laboratory Animals prepared by the U.S. National Academy of Sciences.
Animal preparation and experimental protocols
Ninety-six C57BL/6 mice (weighing 18-20 g) were provided by the Oswaldo Cruz Foundation breeding unit (Rio de Janeiro, Brazil) and kept in cages in a room at the Farmanguinhos experimental facility, with free access to food and fresh water, temperature ranging from 22 to 24 • C, and a standard 12 h light/dark cycle, until experimental use. All animals were randomly assigned to two groups:control (SAL) or Plasmodium berghei ANKA infection (P. berghei). Both groups were analysed at days 1 and 5 post-inoculation. Mice were infected by intraperitoneal (i.p.) injection of P. berghei-infected erythrocytes withdrawn from a previously infected mouse (5 × 10 6 infected erythrocytes diluted in 200 l of sterile saline solution). Control mice received saline alone (200 l, i.p.). After infection, a thick blood smear was performed for determination of parasitemia by Panotico Rápido (Laborclin, Paraná, Brazil) staining. Symptoms of cerebral malaria were evaluated by SHIRPA protocol modified by Martins et al. (2010) .
Mechanical parameters
One or five days following saline or P. berghei administration, mice were sedated (diazepam, 1 mg i.p.), anaesthetised (sodium thiopental, 20 mg/kg i.p.), tracheotomised, paralysed (vecuronium bromide, 0.005 mg kg −1 i.v.), and mechanically ventilated with a constant flow ventilator (Samay VR15; Universidad de la Republica, Montevideo, Uruguay) using the following settings: respiratory rate = 100 breaths/min, tidal volume (V T ) = 0.2 ml, and fraction of inspired oxygen (FiO 2 ) = 0.21. The anterior chest wall was surgically removed, and a positive end-expiratory pressure (PEEP) of 2 cmH 2 O was applied. After a 10-min ventilation period, lung mechanics were computed. Airflow and tracheal pressure (Ptr) were measured (Burburan et al., 2007) . In an open chest preparation, Ptr reflects transpulmonary pressure (PL). Lung resistive ( P1) and viscoelastic/inhomogeneous ( P2) pressures, as well as static elastance (Est), were computed by the end-inflation occlusion method (Bates et al., 1988) . Lung mechanics measurements were performed 10 times in each animal. All data were analysed using the ANA-DAT data analysis software (RHT-InfoData, Inc., Montreal, Quebec, Canada).
Lung histology
Laparotomy was performed immediately after determination of lung mechanics, and heparin (1000 IU) was injected into the vena cava. The trachea was clamped at end-expiration (PEEP = 2 cmH 2 O), and the abdominal aorta and vena cava were sectioned, producing massive haemorrhage and rapid death. The right lung was then removed, fixed in 4% buffered formaldehyde and embedded in paraffin. Slices (thickness = 4 m) were cut and stained with haematoxylin and eosin. Lung morphometric analysis was performed using an integrating eyepiece with a coherent system consisting of a grid with 100 points and 50 lines (known length) coupled to a conventional light microscope (Olympus BX51, Olympus Latin America, Inc., Brazil). The volume fractions of the lung occupied by collapsed alveoli and normal pulmonary areas were determined by the point-counting technique (Weibel, 1990) at a magnification of 200× across 10 random, non-coincident microscopic fields. Neutrophils and mononuclear (MN) cells and lung tissue were evaluated at 1000× magnification. Points falling on neutrophils and MN cells were counted and divided by the total number of points falling on lung tissue in each field of view. For quantification of interstitial oedema, 10 arteries were transversely sectioned. The number of points falling on areas of perivascular oedema and the number of intercepts between the lines of the integrating eyepiece and the basement membrane of the vessels were counted at a magnification of 400×. The interstitial perivascular oedema index was calculated as follows: number of points/number of intercepts (Hizume et al., 2007) .
Lung wet/dry (W/D) weight ratio
At days 1 and 5, the W/D ratio was determined in a separate group of mice (n = 6/group), which was subjected to an identical protocol to the one described above. These mice were euthanized in a CO 2 chamber, after which the lungs were removed, weighed (wet weight) and kept at 80 • C overnight for dry weight determination. The wet/dry weight ratio was then calculated.
Distal organ histology
Brain, heart, liver and kidney were removed, fixed in 4% buffered formaldehyde, and paraffin-embedded. Slices were cut and stained with haematoxylin and eosin. Sections from the regions exhibiting pathologic findings were examined under 400× magnification. A five-point, semiquantitative, severity-based scoring system was used to assess the degree of injury as follows: 0 = normal tissue; 1 = 1-25%; 2 = 26-50%; 3 = 51-75%; and 4 = 76-100% damage out of total tissue examined (Chao et al., 2010 ).
Determination of cytokine production by ELISA
Interferon (IFN)-␥, tumour necrosis factor (TNF)-␣ and chemokine (C-X-C motif) ligand 1 (CXCL1) levels were quantified. Briefly, the lungs, kidney, liver, brain and heart of control and P. berghei-infected mice were excised and homogenised in cell lysis buffer (20 mM TRIS, 150 mM NaCl, 5 mM KCl, 1% Triton X-100, protease inhibitor cocktail (1:1000, Sigma-Aldrich, USA), and immediately frozen at −80 • C. The total protein content of each tissue homogenate was evaluated by the Bradford method, followed by determination of cytokine production by a standard sandwich ELISA, performed according to manufacturer's instructions (BD Pharmingen, USA). Plates were read at 490 nm in an M5 Spectrophotometer (Molecular Devices, USA).
Evaluation of blood-brain barrier disruption
Blood-brain barrier (BBB) disruption was evaluated as previously described (Pamplona et al., 2007) . Briefly, mice received an intravenous (i.v.) injection of 1% Evans blue (Sigma-Aldrich, São Paulo, Brazil). One hour later, mice were euthanized, and their brains were weighed and placed in formamide (2 ml, 37 • C, 48 h) to extract the Evans blue dye from the brain tissue. Absorbance was measured at 620 nm (Spectramax 190, Molecular Devices, CA, USA). The concentration of Evans blue was calculated using a standard curve. The data are expressed as mg of Evans blue per g of brain tissue. + Significantly different from P. berghei at day 1 (p < 0.05).
Statistical analysis
Normality of data was tested using the Kolmogorov-Smirnov test with Lilliefors' correction, while the Levene median test was used to evaluate the homogeneity of variances. If both conditions were satisfied, two-way ANOVA followed by Tukey's test when required was used to compare differences among the groups. Nonparametric data were analysed using ANOVA on ranks followed by Tukey's test. Parametric data were expressed as means ± SEM, while non-parametric data were expressed as medians (interquartile range). All tests were performed using the SigmaPlot 11 software package (SYSTAT, Chicago, IL, USA), and statistical significance was established as p < 0.05.
Results

P. berghei infection induces cerebral oedema concomitant with lung oedema
Mice inoculated with 5 × 10 6 P. berghei-infected erythrocytes demonstrated greater mortality (Fig. 1A) beginning 6 days post-infection, compared to SAL mice. Parasitemia levels were low at days 1 and 3 post-infection (3.3% and 4.3%, respectively), and no changes in lung weight or quantity of Evans blue dye recovered from brain tissue were observed, suggesting the integrity of the blood-brain barrier. Symptoms of cerebral malaria evaluated through modified SHIRPA protocol, such as: paralysis, piloerection, and locomotor activity were only observed up to 5 days postinfection (data not shown). Furthermore, at day 5, an increase in parasitemia (19%) as well as in Evans blue accumulation in brain tissue and W/D lung ratio during P. berghei infection was observed (Fig. 1C-D) .
3.2. Morphometrical parameters and cellularity in the lung parenchyma of P. berghei-infected mice P. berghei-infected mice demonstrated a greater number of areas with alveolar collapse ( Fig. 2A and D) , neutrophil infiltration ( Fig. 2B and E) and interstitial oedema at days 1 and 5 compared to SAL mice ( Fig. 2C and F) . However, the value of each of these parameters for infected mice was higher at day 5 compared to day 1. Neutrophil infiltration was also observed when lung tissue was submitted to a Percoll gradient (neutrophil count in lung tissue SAL vs P. berghei-infected, at day 1: 0.49 ± 0.11 × 10 6 /lung tissue vs 0.73 ± 0.05 × 10 6 /lung tissue, p < 0.05 and at day 5: 0.30 ± 0.07 × 10 6 /lung tissue vs 0.67 ± 0.06 × 10 6 /lung tissue, p < 0.05). At day 1, there were more areas with interstitial oedema than observed at day 5 (Fig. 1C) .
Cytokine production in lung tissue
Since a heightened inflammatory response was observed in the lung tissue 1 day post-infection, cytokine production was also evaluated at this time point. IFN-␥ production in the lung tissues of infected mice was lower at day 1 and higher than SAL mice at day 5 (Fig. 3A) . TNF-␣ production was greater by day 5, but not by day 1, in these mice (Fig. 3B) . Conversely, CXCL1 production was greater on both days 1 and 5 post-infection, greater at day 5 compared to day 1 (Fig. 3C) . Levels of these cytokines were also measured in distal organs, but no significant differences were observed between P. berghei-infected mice and controls at days 1 and 5 (data not shown).
Evaluation of lung mechanics during P. berghei infection
At day 1, static lung elastance (Est,L) (Fig. 4A) , resistive pressure ( P1,L) (Fig. 4B) , and viscoelastic/inhomogeneous ( P2,L) pressure (Fig. 4C) were significantly greater in P. berghei-infected mice (+36%, 75% and 33%, respectively) compared to SAL mice, and these parameters remained elevated until day 5. These mechanical parameters were lower at day 5 post-infection than at day 1 in infected mice (Est, 27%; P1, 60%; P2, 20%).
Pathological features of distal organs during P. berghei infection
To evaluate the occurrence of pathological events in distal organs during P. berghei infection, photomicrographs of brain, heart, liver and kidney specimens from mice in the control and severe malaria groups were obtained at days 1 and 5 (Fig. 5) . The brains of P. berghei-injected mice exhibited cortical oedema, glial cell swelling, and congested capillaries, with erythrocytes adhered to the endothelium, causing occlusion, at days 1 and 5. However, an increase in the number of microglial cells was only observed 5 days post-infection (Fig. 5, Table 1 ). The hearts of P. berghei-infected mice demonstrated interstitial oedema of the myocardium, which was more marked at day 5 than day 1. Furthermore, parasitised erythrocytes were only observed 5 days post-infection (Fig. 5, Table 1 ). In the liver, swollen hepatocytes and a greater number of Kupffer cells containing malarial pigment grains were observed at days 1 and 5, which were concentrated in centrilobular or portal areas (Fig. 5 , Table 1 ). Kidney damage, characterised by tubular necrosis, interstitial oedema, and inflammatory cell infiltration, was more severe at day 5 compared to day 1 (Fig. 5, Table 1 ).
Discussion
In the model used in this study, which has frequently been employed for the induction of experimental cerebral malaria, mechanical and histological lung impairment associated with neutrophil infiltration were observed 1 day following inoculation with Plasmodium berghei. Lung damage was accompanied by histological changes in distal organ tissues, namely the brain (which exhibited glial cell swelling, capillary congestion, increased number of microglial cells), the heart (interstitial oedema, capillary congestion, and increased number of mononuclear cells), the liver (Kupffer cell injury), and the kidneys (tubular necrosis and interstitial oedema). These changes in lung mechanics and histology had reduced by day 5. However, there was progressive heart and kidney damage associated with an increase in pro-inflammatory cytokines. Moreover, mice inoculated with P. berghei-infected erythrocytes demonstrated greater mortality beginning 6 days post-infection, in accordance with previous studies (Clemmer et al., 2011; Martins et al., 2012; Souza et al., 2012) .
Epidemiological studies suggest that 5% of patients with uncomplicated malaria and 20-30% of patients with severe malaria develop ALI (Mohan et al., 2008) ; nevertheless, the development of ALI during malaria is poorly understood. Indeed, histopathological observation of human organs is limited to post-mortem analysis of fatal cases of severe malaria, and the sequence of events leading to the onset of cerebral malaria has not been described. Neuropathological syndromes have previously been described in susceptible strains of inbred mice infected with P. berghei (Rest, 1982; Curfs et al., 1993) , but lung injury during experimental severe malaria has only been suggested and was only thought to occur during the late stages of P. berghei infection (Epiphanio et al., 2010; Van den Steen et al., 2010; Hee et al., 2011) . Thus, we examined the development of ALI at early and late time points after P. berghei infection focusing on the following parameters: lung histology, inflammatory response, changes in the alveolar capillary barrier (oedema), physiological dysfunctions as well as the correlation of ALI with cytokine production and distal organ damage.
Lung histological analysis showed an increase in areas of alveolar collapse, neutrophil infiltration and interstitial oedema early during the course of lung damage (day 1), while these morphologies were less prominent by day 5 (22%, 4% and 28% less alveolar collapse, neutrophil infiltration and interstitial oedema, respectively, compared with day 1). The histological findings of this experimental study were consistent with the lung pathology observed in biopsy specimens from fatal cases of severe malaria, which exhibit interstitial oedema and inflammatory cells in the lung tissue (Duarte et al., 1985; Corbett et al., 1989) . Even though interstitial oedema was observed at day 1, it was not enough to result in W/D ratio modifications. However, with the time course of lung injury, at day 5, W/D ratio increased probably due to the presence of consolidation resulting in an increase of lung weight. In the current study, IFN-␥, TNF-␣, and CXCL1 production were measured in the lung tissue, since they are the main cytokines described in the pathogenesis of malaria (Angulo and Fresno, 2002) . At day one, neutrophil infiltration may be associated with increased levels of CXCL1 as IFN-␥ and TNF-␣ production was greater only by day 5. Since the alterations in lung histology were more exuberant than the changes in the current measured mediators, we cannot rule out the role of other cytokines, mechanisms such as oxidative stress (Sharma et al., 2012) , or whether lung inflammation observed is triggered by changes in lung microcirculation. Indeed, in the lung microcirculation, low macrophage density and reduced blood velocity predispose infected erythrocytes to rosette formation and to cytoadherence to the endothelial lung microvasculature Table 1 Semi-quantitative analysis of brain, heart, liver and kidney microscopy. A 5-point semiquantitative severity-based scoring system was used. Pathological findings were graded as: 0 = normal; 1 = 1-25%; 2 = 26-50%; 3 = 51-75%; 4 = 76-100% of examined tissue and analysed in blinded fashion by two pathologists. SAL: control. Severe malaria was induced by P. berghei. Since no significant differences were observed between days 1 and 5 in the SAL group, only one group is presented. * Significantly different from SAL (p < 0.05). + Significantly different from P. berghei at day 1 (p < 0.05).
rather than to larger blood vessels, which leads to local endothelial activation in the lungs of P. berghei-infected mice (Baer et al., 2007) . Lung mechanics were measured by the end-inflation occlusion method, which allows for the identification of elastic, resistive, and viscoelastic/inhomogeneous components. It is well known that ALI increases elastic, resistive and viscoelastic/inhomogeneous pressures in the lungs during the early stages of acute lung injury (Rocco et al., 2004) . Indeed, we observed an increase in lung static elastance and resistive and viscoelastic/inhomogeneous pressures at days 1 and 5 in infected mice compared to SAL mice. These mechanical changes are consistent with the alveolar collapse and neutrophil infiltration observed at the same time points. It is interesting to note that in the cecal ligation and puncture (CLP) model of sepsis, which is widely compared to malarial infection (due to the development of systemic inflammation) (Garcia et al., 1995; Clark and Schofield, 2000; Clark and Cowden, 2003; Mackintosh et al., 2004) , ALI parameters such as neutrophil infiltration, respiratory mechanics, and cytokine production were observed very soon after the CLP procedure (Ornellas et al., 2011) , whereas during malarial infection, cytokine-associated ALI was observed late in the course of the disease, suggesting the existence of a unique feature of P. berghei-induced lung injury early during infection.
Recently, Del Sorbo and Slutsky (2011) reviewed the Tremblay's hypothesis (Tremblay et al., 1997) that the inflammatory cascade initiated during ALI spreads to distal organs through the bloodstream, triggering the development of multiple organ dysfunction (MOD) and conversely development of MOD can also trigger ALI. MOD is known to account for the majority of fatal cases of ARDS. In fact, the severity of malaria has been associated with cumulative multiorgan dysfunction (Helbok et al., 2005) . In the present study, early (day 1) oedema and inflammatory infiltration in distal organs occurred in parallel with ALI, but the severity of MOD was more evident 5 days after infection.
In fact, the greater lung perfusion would lead to higher exposure to the parasite, which results in ALI before MOD. Our data are in accordance with this hypothesis since we observed the presence of erythrocytes infected with GFP-expressing P. berghei in lung tissue at day 1 (data not shown). These data are consistent with those reported by Franke-Fayard et al. (2005) who observed sequestration of parasitised red blood cells in the lungs, but not in distal organs, 1 day after infection, due to the adherence of the pRBCs to CD36+ lung endothelial cells. Likewise, it has also been shown that late malaria-associated lung injury correlates with parasite burden (Lovegrove et al., 2008) which could trigger the local inflammatory response and subsequent ALI. Furthermore, a crosstalk between the lungs and distal organs during malaria may be clinically relevant, particularly when MOD is increased by ventilator induced lung injury. The parameters described above cannot be translated properly to animal models, since animal models do not display the precise clinical characteristics of human malaria. Whereas there is often little cytopathological evidence of inflammation in fatal human severe malaria, this is the hallmark of the murine model (White et al., 2010) . On the other hand, P. berghei ANKA-infected mice are a useful model to study aspects of malaria pathogenesis development, as disease time course and live images of cellular interactions (Cabrales et al., 2011) .
This study has some limitations that should be addressed: (1) other measuring methods of lung oedema ought to be employed in future studies to better explain the dissociation between lung histology and W/D ratio, (2) a specific murine model of severe malaria was used (de ) and thus our results may not be extrapolated to other models of malaria; and (3) we did not measure plasma cytokines at earlier time points to better clarify the dynamics of these pro-inflammatory mediators.
Undoubtedly, other research approaches -in combination with human studies -will be required to fully understand the pathogenesis of pulmonary malaria and its association with MOD. Collectively, the results of this study suggest that during severe malaria, ALI develops prior to the onset of cerebral malaria symptoms. Later during the course of infection, however, the established systemic inflammatory response increases distal organ damage.
